We determined the distribution pattern of cholinergic neurons in laboratory shrews (Suncus murinus) based on comparative morphology by an immunohistochemical method using an anticholine acetyltransferase (ChAT) antibody. ChAT-positive neurons were observed in the striatum, magnocellular nucleus and basal nucleus, pontine tegmentum and cranial nerve motor nuclei (IV, V, VII, X and XII). Specific findings were as follows: many ChAT-positive neurons were observed in the locus ceruleus (LC) and raphe dorsalis (RD), and the colocalization of ChAT-positive neurons and tyrosine hydroxylase in the LC and that of ChAT-positive neurons and serotonin in the RD were clarified. On the other hand, in the rat brain, ChAT-positive neurons were present in the central amygdaloid nucleus; however, this was not observed in the brains of laboratory shrews. Laboratory shrews are among the most primitive mammalian species and have a different distribution pattern of aminergic neurons, other than cholinergic neurons, from that in rats. A unique distribution pattern of ChAT-positive neurons in the laboratory shrew brain was thus noted.
I. Introduction
Acetylcholine (Ach) was the first neurotransmitter identified by Loewi and Navratil [22] . It functions as a neurotransmitter at neuromuscular junctions, parasympathetic nerve terminals and ganglia in the peripheral nervous system. In addition, its relationship particularly with memory and learning has been clarified for regions in the central nervous system [25] . Since Ach is chemically unstable, an immunohistochemical method using an antibody to a biosynthetic enzyme, choline acetyltransferase (ChAT), has been used to morphologically determine the localization of cholinergic neurons. The localization of cholinergic neurons in the brains of many mammals has been reported [2-6, 10, 19, 20, 23, 24, 30, 39] .
We have reported the distribution of neurotransmitters in the brains of many vertebrates determined by comparative anatomy [9, 12, 17, 18, 21, 27, 28, 32, 33, 41, 42] . In this study, we clarified the localization of cholinergic neurons in the brain of laboratory shrew (Suncus murinus) of the insectivora order, which is one of the most primitive vertebrates in the family Soricidae.
II. Materials and Methods

Preparation of tissues
Laboratory shrews (Suncus murinus) were raised at the Instruction and Research Center of Animal Models for Human Diseases of Fujita Health University under the following conditions: room temperature (22°C), 50% humidity, ad libitum water supply, and feed from Nippon Formula Feed Manufacturing Co. Ltd. The strain used was TK (bred in Tokunoshima), and was raised in a closed center colony.
Our methods were approved by the Ethics Committee of the institute where the work was undertaken and conformed to the provisions of the Declaration of Helsinki in 1995 (as revised in Edinburgh, 2000).
Twenty adult laboratory shrews (weighing 25-40 g, 3 to 4 months old) of either sex were anesthetized with pentobarbital sodium, and their aorta perfused with saline followed by 4% paraformaldehyde (PFA) and 0.2% gluta-raldehyde in ice-cold 0.1 M phosphate buffer (PB) at pH 7.4. The brain was postfixed in 2% PFA for 10 hr and washed in 30% sucrose PB at 4°C for two days; 30-mm-thick sections were obtained using a microslicer (DSK-3000W, Dosaka EM Co., Ltd., Japan) [17] .
Immunohistochemistry
1) Antisera
A highly specific polyclonal antiserum against bovinetyrosine hydroxylase (TH) [27] and antiserum against the serotonin (5-HT)-formaldehyde-bovine albumin conjugate [13] were raised in our laboratory and well characterized. The antisera against ChAT (rabbit anti-ChAT antiserum: AB 143; goat anti-ChAT antiserum: AB144) were purchased from Chemicon International Inc. There have been reports in which the antisera against ChAT have been described [7, 8, 26, 29, 31] ; the species specificities of these antisera have been confirmed in rat, mouse, cat, monkey and bat (AB143), and rat, mouse and guinea pig (AB144). The staining characteristic of the antisera in the brain of the shrew was also specific, thus confirming that the antisera are sufficiently reliable for use in this study.
In addition, we performed a control test in which PBS was used in place of the primary antibody. The section included the diagonal band where there were many ChATpositive neurons; it was also subjected to immunostaining using either anti-rabbit IgG or anti-goat IgG. Moreover, we used antibodies against ChAT (AB143) and ChAT (AB144), and compared their staining specificities in serial sections based on the number of ChAT-positive neurons, and found no significant differences.
2) Avidin-biotin peroxidase complex (ABC) method
Floating sections were processed according to the ABC method as follows: 1) preincubation in 0.1 M phosphatebuffered saline (PBS) containing 0.3% normal goat serum (NGS) for 1 day; 2) washing in PBS with three changes at 10-min intervals; and 3) immersion in 10% NGS for 30 min. The pretreated floating sections were sequentially incubated as follows: first with anti-ChAT antiserum (Chemicon, AB143) (1:5000) at 4°C for 2 days, then with biotinylated anti-rabbit IgG diluted at 1:1000, and finally with the avidinbiotin peroxidase complex (1:1000) for 2 hr at room temperature. After immersion in 0.15 M Tris buffer (pH 7.6) containing 0.005% diaminobenzidine, 0.05% H 2 O 2 and 0.8% nickel ammonium sulfate, the sections were washed in water, mounted on slides, dehydrated and covered for viewing under a light microscope [17] .
3) Double-labeling immunofluorescence method
We used the goat antiserum against ChAT (Chemicon, AB 144) (1:500) and the rabbit antiserum against 5-HT (1:2500) [13] , goat antiserum against ChAT (Chemicon, AB 144) (1:500) and rabbit antiserum against TH (1:5000) [28] , as the primary antisera. The secondary antibodies used for ChAT and 5-HT staining were fluorescein-conjugated donkey anti-goat IgG (Chemicon, AP 180F) (1:200) and rhodamine-conjugated donkey anti-rabbit IgG (Chemicon, AP182R) (1:200). For ChAT and TH stainings, fluoresceinconjugated donkey anti-goat IgG (Chemicon, AP180F) (1:200) and rhodamine-conjugated donkey anti-rabbit IgG (Chemicon, AP182R) (1:200) were used [1, 17] . Stained sections were observed using the Axioskop 2 plus microscope (Zeiss).
III. Results
Distribution of ChAT-positive neurons 1) Extrapyramidal system
ChAT-positive neurons were sparsely distributed in the caudate nuclei, putamen, globus pallidus and nucleus accumbens. These neurons included many small, oval-shaped neurons (3´5 mm) and small-to medium-sized spindleshaped neurons (3-5´8-12 mm), and a small number of head; CAI, internal capsule; CC, cerebral peduncle; CCA, corpus callosum; CE, entorhinal cortex; CF, frontal cortex; Cgm, medial geniculate body; CI, inferior colliculus; CL, cerebellar lobules; co, optic chiasm; Coc, occipital cortex; cp, caudate putamen; CPs, parietal cortex, somatosensory area; CS, superior colliculus; CTe, temporal cortex; dm, deep mesencephalic nucleus; DP, pyramidal decussation; F, fornix; gl, glomerular layer olf bulb; gp, globus pallidus; HI, hippocampus; Hm, medial habenular nucleus; io, inferior olive; ip, interpeduncular nucleus; lc, locus coeruleus; me, medial eminence; MFB, medial forebrain bundle; ncs, median raphe nucleus; ncu, cuneiform nucleus; ndm, dorsomedial nucleus; nha, anterior hypothalamic nucleus; nhp, posterior hypothalamic nucleus; nmm, medial mammillary nucleus; npe, periventricular hypothalamic nucleus; npmd, dorsal premammillary nucleus; npmv, ventral premammillary nucleus; npv, paraventricular nucleus; nrd, medullary reticular nucleus, dorsal; nrv, medullary reticular nucleus nucleus, ventral; nsc, suprachiasmatic nucleus; ntd, dorsal tegmental nucleus; nts, nucleus of the solitary tract; nvm, ventromedial nucleus; nV, trigeminal nucleus; nVI, abducens nucleus; nVII, facial motor nucleus; nX, dorsal vagal nucleus; nXII, hypoglossal nucleus; os, superior olive; pgi, paragigantocellular reticular nucleus; pme, median preoptic nucleus; pol, lateral preoptic area; pom, medial preoptic nucleus; pop, preoptic periventricular nucleus; r, red nucleus; rd, dorsal raphe nucleus; rgi, gigantocellular reticular nucleus; rl, lateral reticular nucleus; rm, nucleus raphe magnus; rpc, parvicellular reticular nucleus; rpo, pontine raphe nucleus; rpoo, rostral pontine reticular nucleus; rr, retrorubral field; rtp, reticular tegmantal pontine nucleus; s, suprageniculate nucleus; sl, lateral septal nucleus; snc, substantia nigra, compact zone; snr, substantia nigra, reticular zone; st, bed nucleus of the stria terminalis; td, diagonal band; TOL, lateral olfactory tract; tpv, periventricular thalamic nucl; tsV, nucleus of the spinal trigeminal tract; V, trigeminal nerve; VII, facial nerve; vm, medial vestibular nucleus. pyramidal neurons (15-25 mm) intermixed with other neurons (Figs. 1, 2 ). The number of fibers projecting from an oval-shaped neuron and a spindle-shaped neuron was 1-2, whereas, the number of fibers projecting from a pyramidal neuron was generally 3-4. The level of immunoreactivity in the cytoplasm, excluding the nucleus, was uniform; most neurons were moderately stained.
2) Magnocellular basal nucleus
Small oval-shaped neurons (3´5 mm) and mediumsized spindle-shaped neurons (3´12 mm) were distributed in the nuclei of the diagonal band, magnocellular and preoptic nuclei, and the substantia innominata and medial septal nuclei, which exhibited moderate staining. There were very few large pyramidal neurons (Figs. 1, 3) . Small, strongly stained oval-shaped and circular neurons were sparsely distributed in the suprachiasmatic nuclei and periventricular hypothalamic nuclei.
3) Mesencephalon to pons
Medium-sized oval-shaped and spindle-shaped neurons (6-10 mm) were sparsely distributed in the area from the pedunculopontine tegmental nuclei to the substantia grisea centralis of the fourth rostral ventricle, and also in the area from the locus ceruleus nuclei to Barrington's nuclei. 
4) Motor nuclei of cranial nerves
Large-and medium-sized, moderately stained pyramidal neurons were distributed in the oculomotor nuclei, motor trigeminal nuclei, abducent nuclei, facial nuclei, and dorsal motor nuclei of the vagus and hypoglossal nerves (Figs. 1,  4) .
Distribution of ChAT-positive fibers
ChAT-positive fibers were densely distributed in the periventricular hypothalamic nuclei and were moderately distributed in the arcuate nuclei, supraoptic commissure nuclei, and mamillary nuclei. Moreover, a very small number of fibers were distributed in a bed of nuclei of the stria terminalis and cerebral cortex. ChAT-negative fibers were observed in the interpeduncular nucleus.
Characteristic observations
Many ChAT-positive neurons were distributed in the raphe dorsalis (RD) and its lateral area, approximately 60% of which coexisted with 5-HT-positive neurons. In addition, ChAT-positive neurons were localized in the locus ceruleus (LC), approximately 80% of which coexisted with neurons positive for TH, the rate-limiting enzyme of catecholamine. That is, all 5-HT-positive neurons in the RD and all TH- positive neurons in the LC were also ChAT-positive (Fig. 5) .
IV. Discussion
The morphological distribution of cholinergic neurons in the brain of many mammals including rodents has been studied using an immunohistochemical method in which an antibody against ChAT, a biosynthetic enzyme for acetylcholine, was used [6, 10, 19, 20, 24, 39] . Results show that ChAT-positive neurons are widely distributed in the following regions: (1) the neuronal system with fiber projections from the medial septal area to the hippocampus, (2) the neuronal system with fiber projections from the vertical limbs of the diagonal band to the hippocampus, (3) the neuronal system with fiber projections from the horizontal limbs of the diagonal band to the olfactory bulb and reticular nuclei, (4) the neuronal system with fiber projections from the basal ganglia to the cerebral cortex, amygdaloid corpus and reticular nuclei, (5) the neuronal system with fiber projections from the tegmental pedunculopontine to the thalamic nuclei, (6) the neuronal system with fiber projections from the dorsolateral pontine tegmentum to the cerebral cortex and thalamic nuclei, and (7) the neuronal system with fiber projections from the medial habenula to the interpeduncular nuclei and motor nuclei of the cranial nerves. When these distribution patterns were compared with those of the laboratory shrew, the following were noted: 1) Although a very small number of ChAT-positive neurons were observed inside the septal field of the hippocampus, which is considered to be the target area of fiber projections, only a small number of ChAT-positive fibers were stained. 2) A large number of ChAT-positive neurons were distributed in the vertical and horizontal limbs of the diagonal band and only a small number of ChAT-positive fibers were observed in the olfactory bulb and reticular nuclei, which are the target areas of fiber projections. 3) A relatively large number of ChAT-positive neurons were observed in the basal ganglia, and there were only a small number of ChAT-positive neurons in the target areas of projections, such as the cerebral cortex and amygdala. 4) ChAT-positive neurons were detected in the pedunculopontine tegmental nuclei and dorsolateral pontine tegmentum; however, the number of ChAT-positive fibers in the thalamus and cerebral cortex, which are the target areas of fiber projections, was small.
The specific findings for laboratory shrews are that many ChAT-and 5-HT-positive neurons and many ChATand TH-positive neurons are colocalized in the RD and LC, respectively, and in their vicinity.
With respect to the colocalization of ChAT and other transmitters, ChAT and g-aminobutyric acid are colocalized in the sublingual nuclei of the rat [5] , ChAT and TH are colocalized in the vagus neuronal RD both in the laboratory shrew and rat [16, 24] , and ChAT and galanin are colocalized in the Meynert nuclei of humans [3] .
We have previously reported the colocalization of 5-HT and TH in the RD of neonatal laboratory shrew [15] and the strong possibility of the production of amines by decarboxylation if an amine precursor is administered to animals in the growth period [14] .
Wong and coworkers have published several articles on neuronal control by 5-HT and other neuronal transmitters in the RD [35] [36] [37] [38] ; however, to the best of our knowledge, there have been no reports of the coexistence of ChAT and aminergic neurons both in the RD and LC.
With respect to the coexistence of ChAT and 5-HT, Morilak and Ciaranello reported that ChAT and 5-HT 2 receptors coexist in the forebrain and dorsal pontine tegmentum of rat [26] . Moreover, Shiromani and coworkers reported the distribution of these receptors using an immunological contrast staining method for TH and ChAT in the cat brainstem [29] . They also reported the distribution of and the relationship between TH-and ChAT-positive neurons that are present in and around the LC. In these two reports [26, 29] , the coexistence of ChAT and 5-HT 2 receptors and the significance of the relationship between ChAT and catecholamine are described, and a correlation of their coexistence with sleep is suggested.
Recently, pChAT, a subtype of ChAT produced by alternative splicing, was reported to be present in peripheral nerves [34] and retinas [40] . In addition, it was reported that pChAT is localized in a part of the histaminergic neuron in central nerves [11] . We previously reported the distribution of histaminergic neurons in the shrew brain [18] . However, on the basis of the following observations that 1) the ChATpositive neurons are not colocalized with histaminergic neurons, 2) the distributions and localizations of ChAT-positive neurons at many sites are similar in many mammals, and 3) there are many experimental data using the antibodies [7, 8, 26, 29, 31] , we considered it highly likely that the stained neurons in the shrew brain were ChAT-positive. However, since the antibodies (Chemicon, AB143 and AB144) used in the ChAT staining were derived from human placentas, we could not confirm whether ChAT in the shrew brain was specifically identified. (Nor could we determine the molecular weight of ChAT in the shrew brain using an absorption test and western blotting.)
Cholinergic neurons are attracting much attention particularly due to their relationship with memory and learning, and it is highly likely that they coexist with acetylcholinergic neurons in the RD and LC, which are the typical sites where serotonergic and noradrenergic neurons also coexist, is high.
Regarding the significance of the coexistence of ChAT and 5-HT in RD, and that of ChAT and catecholamine in LC in shrews, the possible relationships between their coexistence and sleep are described in refs. 26 and 29. However, it is difficult to infer the function and significance of their colocalization based on the results of the immunohistochemical experiments in this study. We need to determine whether similar findings obtain in lower vertebrates. Using the shrew, we obtained much data on the localization of other neurotransmitters that are different from those obtained using other rodents [12, 15, 18] , suggesting that the abovementioned coexistence of these neurotransmitters must be specific to primitive mammals. We plan to clarify the significance of such coexistence of these neurotransmitters with other types of amines by conducting studies related to the behavioral, ecological, and biological aspects of shrews.
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